The dynamic absorption coefficients of several CAR and non-CAR EUV photoresists are measured experimentally using a specifically developed setup in transmission mode at the XIL beamline of the Swiss Light Source. The absorption coefficient α and the Dill parameters ABC were measured with unprecedented accuracy. In general the α of resists match very closely with the theoretical value calculated from elemental densities and absorption coefficients, whereas exceptions are observed. In addition, through the direct measurements of the absorption coefficients and dose-to-clear values, we introduce a new figure of merit called Chemical Sensitivity to account for all the post-absorption chemical reaction ongoing in the resist, which is also predicts a quantitative clearing volume, and respectively clearing radius, due to the photon absorption in the resist. These parameters may help in deeper insight into the underlying mechanisms of EUV concept of clearing volume and clearing radius are then defined and quantitatively calculated.
INTRODUCTION
In photolithographic processing, the optimum absorption is determined by the tradeoff between efficiently harvesting the incoming light (high absorption) and the need to maintain a constant intensity throughout the film thickness (low absorption). Photoresists for DUV and earlier technologies were designed to coat at 200-800 nm thickness. These resists were mostly based on DNQ and novolak resins compounds, which yield an absorption coefficient (α) ranging from 0.5 to 1 μm -1 . 1, 2 At these values of α, the intensity of light reaching at the bottom of the resist layer is still about 80 % of the intensity at the top, which guarantees both an adequate depth clearance and a limited sidewall slope. The latter is especially important in high aspect ratio lift-off processes, where the resist sidewalls should ideally be vertical.
On the other hand, EUV photoresists are designed to coat at < 45 nm thickness and, despite the absorption coefficient is in the range of few μm -1 , the total optical absorbance can be as low as 10 %. The low absorbance has several detrimental consequences on the lithographic process. First, EUV photons are costly and difficult to produce due to the complexity of sources and should be efficiently used. Moreover, the photon density in 13.5 nm wavelength photolithography is about 14 times lower than it is in 193 nm-ArF excimer laser lithography (the dose being the same). As only about 6 photons are incident per nm 2 and only 0.03 are absorbed per nm 3 in a typical EUV photoresist exposed at 10 mJ/cm 2 dose, the photon shot noise becomes more relevant and contributes substantially to line edge roughness.
Resist manufacturers are undertaking several approaches to counterbalance the low absorbance of EUV resists. One approach is to increase the amount of secondary electrons generated per each absorbed photon (i.e. the quantum yield), which depends on the chemical composition of the resist. Another approach, specific of chemically amplified resists (CAR), is to increase the amount of photoacids generated per photon, i.e. the quantum efficiency. These solutions aim at improving the efficiency of each absorbed photon.
Another approach tackles the low absorption by increasing the absorption of the resist by incorporating highly absorbing elements. In general, the linear absorption coefficient of a compound is given by sum of the atomic absorption cross section σ a of each element, weighted for its relative amount x i and density ρ i : *roberto.fallica@psi.ch; phone +41 56 310 4578; www.psi.ch = ∑ (Eq. 1) (where N A is the Avogadro number and MW is the molecular weight of the compound). The most promising elements for incorporation in a photoresists are the transition metals and semimetals with large atomic numbers whose large d orbitals result in the largest interaction with EUV photons as it can be seen in Figure 1 where atomic absorption cross sections for all elements of atomic number from 1 to 86 are shown. In recent years, a great technological effort has being put towards the development of resists featuring enhanced absorption. For example, fluorinated polymers have been investigated as the backbone polymers of EUV resists [4] [5] [6] owing to the large photoabsorption cross-section of fluorine atoms. Some fluorine-based resists have been reported to increase the absorption from 5.2 to 7.0 μm -1 , although the change in backbone polymers significantly affects acid generation, acid diffusion, catalytic chain reactions, and dissolution. Other studies claimed fluorinated versions of PMMA which could in principle provide up to 18 μm -1 absorbance (up from 3.88 μm -1 of a conventional FEVS-P1101 resist) 7 . The addition of metals is a viable way to synthesize negative-tone photoresists based on organometallic carboxylate compounds of the type [RnM(O2CR')2], with M = Sn, Te, Bi, Sb. 8 Another method involves the synthesis of photoresists based on nanoparticle/molecular metals. The incorporation of ZrO x and TeO x nanoparticles in a CAR has been demonstrated to reduce its transmittance by up to ≈ 8% depending on the relative amount of oxide, compared to the original formulation. 9 In this work we measured experimentally the static and the dynamic absorption coefficients of photoresists at EUV (13.5 nm). Besides the static linear absorption coefficient α, the dynamic absorption coefficients are technologically important for the accurate chemical and physical modeling of the lithographic process. These coefficients are known as the Dill parameters, or the ABC parameters. We chose resists belonging to a broad spectrum of platforms and we discuss these results to determine the chemical sensitivity. The sources of experimental uncertainty are accounted for, thus providing quantitative data with unprecedented accuracy.
EXPERIMENTAL METHODS

Transmittance measurement at XIL beamline
The XIL beamline at Swiss Light Source (SLS) employs synchrotron generated EUV light at 13.5 nm with average flux in excess of ≈ 30 mW/cm 2 . This tool is mainly used for EUV interference lithography 10 and lensless EUV mask imaging. For this study we made minor additions to the setup enabling to measure the intensity of the light passing through a sample in transmission mode. The experimental setup is schematically shown in Figure 2 . The beam intensity and shape was set by using a pinhole of 30 μm diameter. A square open-frame mask (0.5 × 0.5 mm 2 ) was located in front of the sample to crop out the beam tail. The combination of pinhole and openframe resulted in a highly homogenous beam intensity within the exposed area. Because the membrane itself also absorbs EUV light, we calibrated the net flux 
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Spectroscopic ellipsometry
The accurate measurement of the thickness of resist coated on a suspended membrane is challenging and it is a major source of uncertainty in the estimation of α. Resist thickness were measured using a Woollam M-2000 spectroscopic ellipsometer with spectral range 250-1000 nm and equipped with focusing probe to reduce the spot size to about 30 μm diameter. Samples were mounted on an automatic motorized stage and the entire membrane was mapped with a 175 micron step grid. The spot for the ellipsometer was a 92 μm x 42 μm oval. The ellipsometric data was modeled as two layers, for the SiN membrane a B-spline dispersion model seeded with Si 3 N 4 material properties and for the resist a Cauchy model. Initial material fits were generated from the silicon frame surrounding the suspended membrane. Neither additional layers nor interfacial were needed to obtain a good fitting of the thickness. This approach greatly reduces the uncertainty in the α, using a combination of optical inspection and spectroscopic ellipsometry to estimate d in the proximity of the exposed area.
Estimation of uncertainty
The uncertainty in the measurement of α arises from three sources. The first is the uncertainty in the measurement of the resist thickness (σ d ), due to the non uniformity of the coating. The second is the uncertainty in the thickness of the silicon nitride membrane, due to the KOH etch variability, which affects the value of the reference photocurrent (σ I0 ). The third is the uncertainty in the measured photocurrent from the photodiode (σ I ). The standard deviation of α is then given by the well-known formula for error propagation and replacing the due quantities:
From experimental data, the fluctuations in measured photocurrent were negligible in comparison to the other terms of Eq. 7, and therefore were not taken into account.
RESULTS AND DISCUSSION
Linear absorption coefficient α
The measured transmittance of all samples is plotted in Fig. 3 as a function of resist thickness d. Resists that were coated at different thickness showed a linear relation between the logarithm of transmittance and d, which indicates a homogeneous optical absorption through the medium. The linear absorption coefficient α can thus be determined as the slope of the linear fit to the data. The linear fit is weighted by the X-axis error bar which indicates the uncertainty in the thickness measurement σ d and by the Y-axis error bar which indicates the uncertainty in the transmittance σ Io . (For those resists spin coated at only one thickness, we consider the line through the origin). The measured α is summarized in the following Figure 4 ; the error bar is calculated from the error-weighted linear fit of the T X vs. thickness plot. 
The photoresists based on the tin oxide (YABA and YF) showed the highest absorption values, while all the other resist platforms are 3 to 4 times lower. Previous theoretical studied predicted that resists based on polymeric backbones only achieve α values in the 3 to 5 μm -1 range, 12 as a consequence of the chemical composition, where only C and O atoms contribute to the absorption. Our result for PMMA is in good agreement with previous experimental studies, which reported that its EUV absorption is between ≈ 5 μm -1 , 13 and 4.8 μm -1 . 12 Note that the CAR resist with added sensitizer (EUV 3+S) had the same absorption coefficient as its baseline formulation (EUV 3). Other resists with added metal elements also showed higher absorption, 6 μm -1 (HB1-213), than that of conventional CAR resists. We conclude that the absorption increases most remarkably only in metal-added non-polymer based resists. Our values are in agreement with those reported on some typical polymer backbones for EUV, between 2.5 and 5.2 μm -1 measured using the grazing incidence angle method. 14 To validate our results we calculated the theoretical absorption coefficient of these resists using the online database of Xray interactions, 15 based on tabulated data of X-ray absorption published previously. 3 The chemical composition and density used were for PMMA: C 5 O 2 H 8 , molecular weight 950k, dilution 1%, density 1.2 g/cm 3 ; for HSQ: Si 8 O 12 H 8 , density 1.4 g/cm 3 ; for proprietary materials, values provided by the manufacturer. The comparison between our experimental data and the calculated data shows a close match between the two (Fig. 5) . 
Dill Parameters
The measured Dill parameters (also known as the ABC parameters) are of interest for the lithographic modeling. We summarized these results in the following Figure 6 .
For all resists investigated in this work, and in general for EUV resists, the bleachable coefficient A was found to be positive and much smaller than α. The Dill parameter A can also indicate a change in the resist thickness during exposure. As a result of being A « α, the unbleachable coefficient B ≈ α. This behavior is notably different to that of Iline and G-line resists, which have A » B. The Dill parameter C is proportional to the rate of bleaching at t = 0, and it is an empirical indicator of the rate of reaction of the resist at the beginning of exposure cause by, among other things, deprotection reactions and mass loss due to outgassing. It was found that the CAR resist with added sensitizer (EUV 3+S) yielded a significantly higher reaction rate than its baseline counterpart (EUV 3). In a previous study, other researchers found C parameter values of 0.04 cm 2 /mJ for a anion-bound polymer bound CAR using film thickness loss curves method. 16 Another study by Fourier transform infrared spectroscopy gave a reaction rate of 0.0409 ± 0.0023 cm 2 /mJ for another undisclosed CAR, 17 in good agreement with our result. Other methods reported C in the range of 0.037-0.055 cm 2 /mJ. [18] [19] [20] In comparison to previous technological platforms, the Dill C parameter is higher in EUV than it was in UV lithography (0.022 ≈ 0.008 cm 2 /mJ) 1 and in DUV lithography 0.005 cm 2 /mJ. 
Chemical Sensitivity
In the light of the new understanding of the absorption coefficient α, we introduce here a new figure of merit. First we observe that the lithographic sensitivity of a resist is proportional to the reciprocal of its dose to clear (DtC) or dose to gel:
Furthermore, we observe that the lithographic sensitivity is proportional to the product of the amount of absorbed photons (via the absorption coefficient) and the combination of quantum efficiency, quantum yield, chemical amplification and so on (i.e. all chemical reaction which take place after a photon is absorbed):
(Eq. 9)
By rearranging Eq.8 and Eq. 9, we define 'Chemical Sensitivity' (CS) the quantity:
= × (Eq. 10)
CS accounts for the contribution that all secondary chemical reactions make to the overall lithographic sensitivity. Because α is expressed in μm -1 and DtC is expressed in mJ/cm 2 , CS is in units of volume per energy (m 3 /J) or, more intuitively, in cubic nanometers per unit energy of an EUV photon (nm 3 /E ph ). In this interpretation, the chemical sensitivity indicates the volume of photoresist that is cleared by a single absorbed EUV photon. CS is larger when each absorbed photon triggers a more significant amount of secondary chemical reactions which clear (or condense) a larger resist volume. As it rules out the absorption and the thickness of a material, the CS can be compared across different resist platforms.
The CS was calculated using Eq. 10 from measured α and DtC (from contrast curves) for all these resists and the results are shown in Fig. 7 . All CARs have CS of about several tens of cubic nanometers per photon energy: most of their lithographic sensitivity is caused by a high chemical sensitivity. On the opposite, all non-CAR resists have CS below 10 nm 3 /E ph , regardless of any other feature. In agreement with our reasoning, we notice that the CS increases when sensitizer is added to a CAR resist (EUV 3+S) in comparison to the same baseline formulation (EUV 3). Higher chemical sensitivity is on one hand desirable to increase the lithographic sensitivity, but on the other hand it sets an ultimate limit to the maximum resolution at which a resist can be patterned. To clarify this, let us consider the sphere of resist having the volume equal to CS; its radius (clearing radius) indicates the width of the clearing triggered by an absorbed photon and its secondary reactions. The calculated clearing radiuses for all resists are shown in the following Figure 8 . For the reasons discussed, the clearing radius is obviously larger in CARs than it is in non-CARs. In the former, the spatial range is in fact increased due to the acid diffusion. In the latter, instead, the radius is only caused by the secondary electron blur. In this regard, the clearing radius is an indication of the total resist blur. This interpretation agrees with previous theoretical and experimental studies which reported a SEB range of ≈ 2.5 nm 21, 22 and an acid diffusion blur ≥ 5 nm 16, 21, 22 .
The measured α and the newly introduced CS make it possible to draw some conclusions. Figure 9 shows the resist map where each of the samples is now located according to its α and CS. The area of each sample is proportional to the total lithographic sensitivity. The map shows how different resist platforms are being designed to improve the absorption or enhance the chemical sensitivity. The only resist in this work which combines these two approaches is HB1-213. Although higher absorption and higher chemical sensitivity bring the advantage of a higher lithographic sensitivity, there are also drawbacks. On one hand, increasing the former leads to a non-uniform absorption throughout the resist thickness; while, increasing the latter reduces the resolution. In other words, these resists are still limited by the RLS tradeoff. 
